We have studied the X-ray dust scattering halos around 17 bright X-ray point sources using Chandra data. All sources were observed with the Advanced CCD Imaging Spectrometer and High-Energy Transmission Grating in Continuous Clocking Mode (CC-mode) or Timed Exposure Mode (TE-mode). We use an iterative method to resolve the halos at small scattering angles from the zeroth order data in CC-mode or the first order data in TE-mode which is not or less piled-up. Using the interstellar grain models of Weingartner & Draine (2001, WD01) and Mathis, Rumpl & Nordsieck (1977, MRN ) to fit the halo profiles, we get the hydrogen column densities and the spatial distributions of the scattering dust grains along the line of sights (LOS) to these sources. We find that the scattering dust density very close to these sources is much higher than the normal interstellar medium. For X-ray pulsars GX 301-2 and Vela X-1 with companions of strong stellar winds, the X-ray absorption column densities are much higher than the derived scattering column densities, because of the -2 -dense media around the X-ray sources produce extremely small angle scatterings which are indistinguishable from the point sources even with Chandra's angular resolution. For LMC X-1, most of the scattering and absorption occur in Large Magellanic Cloud, rather than in the Milky Way. From the obtained Xrays spectra, the cold gas absorption and thus the equivalent hydrogen column is determined. We have obtained the linear correlation between N H derived from spectral fits and the one derived from the halo model WD01 and MRN (except for GX 301-2 and Vela X-1): N H,W D01 = (0.720 ±0.009)×N H,abs + (0.051 ±0.013) and N N,M RN = (1.156 ± 0.016) × N H,abs + (0.062 ± 0.024) in the units 10 22 cm −2 . High angular resolution X-ray dust scattering halos offer an excellent potential for probing the spatial distributions of interstellar dust medium.
Introduction
X-rays are absorbed and scattered by dust grains when they travel through the interstellar medium. The scattering within small angles results in an X-ray "halo". The halo properties are significantly affected by the energy of radiation, the optical depth of the scattering, the grain size distributions and compositions, and the spatial distribution of dust along the line of sight (LOS) (Overbeck 1965 , Martin 1970 , Catura 1983 . Therefore analyzing the the X-ray halo properties is an important tool to study the interstellar grains, which play a central role in the astrophysical study of the interstellar medium, such as the thermodynamics and chemistry of the gas and the dynamics of star formation (Draine, 2003) . Overbeck (1965) was the first to discuss the existence of dust scattering halos. Mathis, Rumpl & Nordsieck (1977) derived the dust grain size distributions assuming a silicategraphite dust mixture. Rolf (1983) first observationally confirmed the existence of halos using the the data of GX 339-4 observed with the Einstein Observatory. Predehl & Schmitt (1995) studied the X-ray halos by systematically examining 25 point sources and 4 supernova remnants with ROSAT observations. They found a good correlation between the simultaneously measured dust and hydrogen column densities, as well as a correlation between the visual extinction and the X-ray derived dust scattering optical depth. Because of the poor angular resolution of the ROSAT, the halos in small angles, e.g. less than 50 arcsec, cannot be determined accurately; the flat angular distribution of X-ray halos in small angles determined with ROSAT may be due to the underestimation of the halo intensity in the core region. Draine & Tan (2003) analyzed the halos of X-ray Nova V1974 Cygni 1992 with the ROSAT observations to test the interstellar dust model WD01 and found that the WD01 model is very consistent with the observed X-ray halos. With the high angular resolution, good energy resolution and broad energy band, the Chandra ACIS is so far the best instrument for studying the X-ray halos. Tan & Draine (2004) considered arcsecond scale X-ray scattering halos from Galactic Center sources with the Chandra observations and showed the halo profile changed with the spatial distribution of the dust that is close to the source. Smith, Edgar & Shafer (2002) presented the observations of the X-ray halo around the Low Mass X-ray Binary (LMXB) GX 13+1. However, the direct images of bright sources obtained with Advanced CCD Imaging Spectrometer (ACIS) 1 usually suffer from severe pileup. They therefore investigated only the halo in off-axis angles greater than 50
′′ to avoid any possible pileup contamination.
Making use of the assumption that the real halo could be an isotropic image, Yao et al (2003, here after Paper I) reported the reconstruction of the images of X-ray halos in small angles from the zeroth order data in CC-mode or the first order data in TE-mode. Xiang, Zhang & Yao (2004, here after Paper II) improved the method by solving the equations with iterative method and using the observational data to generate the Chandra Point Spread Function (PSF). They applied the method to the bright sources Cygnus X-1 and Cygnus X-3 and found that the halos in small angles are not flat, which is different from the result of Predehl & Schmitt (1995) . Since the spatial distribution of the dust grains, especially very close to the source, is sensitive to the core region of an X-ray halo (Mathis & Lee 1991) , it is necessary to study systematically the halos in small angles for many X-ray point sources.
In this paper, we apply our method described in Paper II, to systematically study the X-ray halos of 17 X-ray point sources. We resolve the point source halo in very small angles from the zeroth order data in CC-mode or the grating data in TE-mode with Chandra, and use the different interstellar grain models to fit the halos and get the spatial distribution of the interstellar dust medium ( §2). We discuss our results in §3 and present our conclusions §4.
Observations and data reduction
In this study, we utilized 31 Chandra ACIS High Energy Transmission Grating (HETG) 2 observations on total 19 sources and all the data are available in the archive upto November 2004. All these sources (except for PKS 2155-304 and Her X-1) are bright X-rays sources and have been observed for at least 8.9 ks, therefore there are enough photons (about ≥ 0.5 million counts) for us to resolve the X-ray halos. Both PKS 2155-304 and Her X-1 are very lightly-absorbed X-ray sources with the column density N H < 3 × 10 20 cm −2 . We use these two sources to generate the PSF. We list the source properties and the observation logs in Table 1 .
Halo reconstruction
Although the zeroth order data in CC-mode and the first order data in TE-mode have either no or less serious pileup, the zeroth order data in CC-mode have only one dimensional images and the first order image in TE-mode are mixed with photons of different energies and radii, from which we cannot get the halo's radial profile directly. Making use of the assumption that the real halo could be an isotropic image, we have reported the reconstruction of the images of X-ray halos from the data obtained with the HETGS and/or in CC-mode. The method has been described in detail in Paper I and Paper II. Here, we briefly review the method and process of the halo reconstruction.
If the flux of a point source plus its X-ray halo is isotropically distributed and centered at the point source as F (r), and the projection process, in which the two dimensional halo image is projected to one dimensional image, can be represented by a matrix operator M(r, d), then the projected flux distribution P(d) is
where r is the distance from the centroid source position and d is the distance from the projection center (refer to Fig. 1 . cited from Paper II). In CC-mode, we can only get the count rate C(d), but not the flux projection P (d) directly. With the exposure map of CCDs calculated, we can get another equation
where
) is another matrix. Using the steepest descent method (Marcos & Benar 2001) , we can solve equation 1. The iterative process can be expressed as
where F (k+1) and F (k) are the values of F(r) in the (k + 1)th and kth iterative loops, [P −
T is the transpose of the matrix P − MF (k) . In our iterative process, the loop is The accurate Chandra PSF is important for reconstructing the halo accurately. Following the same as procedure described in Paper II, we calculate the zeroth order PSF from the observation data of bright point sources without halo (for example Her X-1 and PKS 2155-304) at large angles and from the MARX 3 simulation at small angles. Because the data of Her X-1 and PKS 2155-304 in HETGs are not suffered from pileup even when the source is pointed on-axis, the projection of grating arms PSF in small angles is also calculated from the observation data. In order to improve the statistical quality, we use data from seven observations to generate the PSF. These data IDs are listed in Table 1 .
For the TE-mode data, we use the first order data (HEG ±1 and MEG ±1) within 60 arcsec around the source position. First, we divided the dataset into 20 energy bands, spaced every 0.2 keV from 1.0-5.0 keV, and use the process described in Paper II to generate the pure halo projections. Then we sum them from each energy bands and derive the halo radial profile in units of photons cm −2 s −1 arcsec −2 . For zeroth order of the CC-mode data, we also use the same process of data reduction as described in Paper II to obtain the pure halo radial flux in each energy band. Then we sum the halo radial flux from each energy band and get the total halo radial flux from 1.0-5.0 keV.
Halo model fittings
As discussed by Mathis & Lee (1991) , the geometry of the X-ray scattering can be demonstrated as Figure 2 . Because all scattering angles are small, θ ≈ (1 − x)θ sca is always a good approximation, where x = d/D, d is the distance of the scattering grain from the observer, and D is the distance to the source.
The observed halo surface brightness I
(1) sca (θ) at an angle θ from the point source of X-rays can be shown as
where N H is the total column density of hydrogen between the observer and the X-rays source, n(a)da is the number of grains per H atom with radii between a and a + da, F X is the observed flux, S(E)dE is the normalized photon energy distribution of the X-ray point source, f (x) is the density of hydrogen at xD relative to the average density along the line of sight to the X-ray source, and dσsca dΩ is the differential scattering cross section for a single grain.
Since the X-ray halo is determined by the size, position and composition of the dust grains, as well as the source flux and absorption column, we need to make some assumptions about the dust grains before we can use equation 4 to fit the halo profiles. We used the halo model Weingartner & Draine (2001, WD01) and Mathis, Rumpl & Nordsieck (1977, MRN) to fit our halo radial profile of these sources. The MRN model is a classical model with the size distributions of dust grains: n(a) ∝ a −3.5 , (0.005 µm < a < 0.25 µm). The size distribution of dust grains in WD01 model is rather complicated, which includes sufficient very small carbonaceous grains and larger grains and seems to be more realistic (please refer to Weingartner & Draine 2001 for detail). Since we only concern the halo in small angles (< 60 ′′ , except for the source LMC X-1), multiple scatterings can be neglected even though the scattering optical depth τ sca is as large as 2. The model fitting codes were provided by Randall K. Smith and the same codes have been applied to the halos of GX 13+1 (Smith, Edgar & Shafer 2002) .
As a first try, we use the smoothly distributed dust models to fit the halo. We find that these distributions cannot describe the whole halo profile of any source we analyzed, -all the χ 2 ν are greater than 5.0 for both the WD01 and MRN models. Then we used the "extended" MRN model (Witt, Smith & Dwek 2001) which has the same total mass as the MRN model, but extends the MRN size distributions to 2.0 µm to fit the halo radial profile. We find that these models underestimate the photons in large angles (>20 arcsec) and in very small angles (about 1 3 arcsec), and overestimate the photons in 3 20 arcsec. The same is true for the "extended" WD01 model which extends to the size distributions to 2.0 to 5.0 µm. We then divide the LOS to four parts (x:0.0-0.25, 0.25-0.5, 0.5-0.75, 0.75-1.0), in order to probe the inhomogeneity at large scales, and assume that the dust grains are smoothly distributed in each part and that the amount of dust in each part is allowed to vary independently. However we found that there are systematic excess halo intensity in small angles (below 10 arcsec), indicating that there should be substantial dust grains at the position very close to the X-ray sources. We also found that the fitting are not very sensitive in constraining the relative amount of dust grains located at 0.0-0.25 and 0.25-0.50, but are very sensitive in the one located at 0.75-1.0. We therefore re-divide the LOS to logarithm-equally spaced bins with more bins close to the sources: 0.0-0.651, 0.651-0.881, 0.881-0.962, 0.962-0.99 and 0.99-1.0; in this scheme the amount of dust grains in each part may be determined relatively independently. Last we try to use the power-law or exponential function to fit the dust spatial distributions and find the fit results are very poor. The best fit results and the values of χ 2 for model are listed in Table 2 and Table 3 for the WD01 and MRN models, respectively. The X-ray halo radial profiles and relative density distributions along the LOS for all sources are shown in Figure 3 . The fractional halo intensity is calculated from each halo from 1.5
′′ to 60 ′′ .
The source LMC X-1 is treated differently from other sources, since it is not in our galaxy. The detailed fitting process is described in section 3. The halo of LMC X-1 from 1.0 ′′ to 40 ′′ is obtained from the grating data and that from 40 ′′ to 180 ′′ is extracted directly from the zeroth order ACIS image.
Spectral Fittings
Here we perform spectral fits to derive the hydrogen absorption column densities with the high resolution spectra from these sources observed with ACIS-S + HETG, in order to compare with the scattering column densities derived from X-ray halos. We use the ciao 3.0.2 to extract the grating spectra. In order to reduce the contamination of the halo, the region to filter the data is limited in 5 arcsec for the TE-mode data.
The HEG±1 and MEG±1 spectra sometimes suffered from pileup when the energy is higher than 2 keV because some sources are very bright, i.e, Cygnus X-1 and Circinus X-1. However the energy spectra from MEG±3 are not affected by the pileup and there are enough photons for spectral analysis. Although the third order photons below ∼ 2Å may be contaminated by pileup from the MEG first order for the brightest source, e.g, Circinus X-1 (Schulz & Brandt, 2002) , this has no impact on our analysis because we only use the spectra below 5 keV (∼ 2.4Å). Since there are less photons in the low energy bands (e.g. less than 2 keV) of MEG±3 spectra and sometimes the MEG±3 spectra are cut off below 2 keV, the HEG±1 or MEG±1 energy spectra below 2 keV band and the MEG±3 spectra in 2-5 keV bands are also used. The spectra are rebinned so that there are at least 100 counts in each energy bin for the MEG±3 spectra, as well 400 counts in each energy bin for the MEG±1 or HEG±1 spectra. We use the Xspec 11.1.0 to fit these energy spectra. Three models, i.e., the power law, black body and thermal bremsstrahlung, are used, including cold gas absorption, which was modeled using the absorption cross sections given by Morrison & McCammon (1983) . For each source, we only list the results for one model which can best fit the data. The highly accurate emission lines in these spectra are ignored since we only concern the absorbing hydrogen column density. A summary of our spectral fitting results are given in Table 4 . figure, where the horizontal axis is for the relative distance x to the source and the vertical axis is the relative density normalized to the value in the last bin (close to 1). Table 2 . The relative hydrogen densities in different segments along the LOS (column 2-6, relative to the peak hydrogen density along each LOS) and total hydrogen column densities (column 7) from the halo model WD01 fitting. 0.0310 ± 0.0023 0.0127 ± 0.0022 0.0000 ± 0.0041 0.068 ± 0.012 1.00 ± 0.08 0.611 ± 0.032 8.8/24 GX 5-1 0.0439 ± 0.0018 0.0242 ± 0.0021 0.0532 ± 0.0040 0.128 ± 0.011 1.00 ± 0.10 2.00 ± 0.06 10.5/24 GX 9+1 0.0948 ± 0.0038 0.0041 ± 0.0040 0.000 ± 0.008 0.138 ± 0.020 1.00 ± 0.16 1.074 ± 0.044 9.9/24 Ser X-1 0.0278 ± 0.0028 0.0000 ± 0.0027 0.019 ± 0.005 0.015 ± 0.012 1.00 ± 0.07 0.329 ± 0. 
Discussion of results
The main quantities derived from our X-ray analysis for each of our sample sources are the equivalent hydrogen absorption column density and the hydrogen scattering column density N H , the spatial distribution of the dust medium and the fractional halo intensity I f rac (1.5 ′′ < θ < 60 ′′ ). In the following we will discuss these results and investigate the correlations between these measurements.
Spatial distribution of dust medium
In section 2, we have shown that we can use our method to resolve the halos as close as 1.5 arcsec to the surrounded point sources. These small angle halos could provide tight constraints on the different interstellar grain models and on the dust spatial distribution especially when the dust grains are very close to the sources. Both the WD01 model and MRN model fits indicate that there should be substantial amount of dust grains near the sources; these high density dust may be the molecular clouds in which the binary systems were formed initially (see section 3.5 for more discussions).
Next we move on to discuss the results of some sources which are either different from the majority of other sources, or our results are not exactly the same as the existing results in the literature.
LMC X-1
LMC X-1 is located in the Large Magellanic Cloud (LMC), about 55 kpc away from us and its galactic coordinates are l = 280. Predehl & Schmitt (1995) observed it with ROSAT, and found f halo = 2.9% at 1.26 keV, less than our result, f halo = 4.2% from 1.5 arcsec to 180 arcsec at 1.79 keV, if f halo is proportional to E −2 . Predehl & Schmitt (1995) 
estimated that the halo and PSF have equal intensities at about 200
′′ for the LMC X-1 observation. But according to our analysis, the halo intensity is concentrated mostly in small angles: f halo (1.0 ′′ < θ < 60 ′′ ) = 2.9% and f halo (60 ′′ < θ < 180 ′′ ) = 1.3%. Thus it appears possible that the much coarse angular resolution of the ROSAT has resulted in under-estimation of total halo intensity.
Since the LMC X-1 is at high galactic latitude and the X-ray photon travels through the two galaxies, we divided the LOS to three parts: the first one is in our galaxy (0 ∼ x 1 ), the second one is in the LMC (x 2 ∼ 1) and the last one is nearby the source (x 3 ∼ 1), where x 1 , x 2 , x 3 are the positions relative to the distance from LMC X-1. We assume the dust grains in each part are smoothly distributed along the LOS. First we change the values of x 1 , x 2 , x 3 manually to fit the halo profile with the halo model WD01 and get the value of χ 2 for each trial. Searching for the minimal χ 2 , we get the best fit values of x 1,2,3 . Then we separately change the value of x 1 , x 2 , x 3 and get their uncertainties. The best values are: H,W D01 = 0.282. The total hydrogen column density is 0.444 × 10 22 cm −2 and is consistent with N H = 0.46 × 10 22 cm −2 derived from spectral fitting by Cui et al (2002) . For the MRN model, the best-fit parameters are similar and listed in table 3.
These results indicate that the dust grains in the high galactic latitude are much less than the ones nearby the LMC X-1 (within about 0.3 kpc of the source), and the dust grain density along the LOS (excluding the vicinity of LMC X-1) to the LMC is very low. It is consistent with the fact that most dust grains are located in the galactic disk. In fact the N H of LMC X-1 inside the Milky Way derived in our model fittings is in good agreement with N H = 0.07 × 10 22 cm −2 , inferred from the 21-cm survey as listed in Table 4 (indicated by literature (8)), which is the HI column density inside the Milky Way but averaged along the approximate direction of LMC X-1 (the closest direction with available data is about 0.3 degree apart from LMC X-1); the small difference may be caused by the inhomogeneity of the molecular clouds along the approximate direction of LMC X-1. We mention in passing that it is not meaningful to make comparisons between N H indicated by literature (8) in Table  4 with N H derived from either the halo model fittings or spectral fittings for all galactic sources, because the former is obtained by integrating the HI density through the whole Galaxy along the approximate direction of the particular source and is thus more adequate for estimating N H of extra-galactic sources.
Cygnus X-1 and Cygnus X-3
Cygnus X-1 is the first black hole candidate, located at l = 71.
It is one of the brightest X-ray sources and the estimated distance is D = 2.5 ± 0.3 kpc (Ninkov, Walker & Yang, 1987) . Schulz et al (2002) used the X-ray absorption spectroscopy observed with Chandra ACIS-S + HETG to derive the hydrogen column density, N H = 6.2 × 10 21 cm −2 . We have derived the f halo (1.5 ′′ < θ < 60 ′′ ) = 6.1% at 1.99 keV; this is slightly more than the value f halo = 11.6% at 1.20 keV, found by Predehl & Schmitt (1995) , but consistent with the result in Paper I and Paper II.
The halo model WD01 and MRN both show that the dust grains between the observer and Cygnus X-1 are not smoothly distributed along the LOS and the dust grains very close to the sources. This is consistent with the result in the Paper II. However the details of the dust spatial distribution derived here is not the same as the result in Paper II, because in Paper II we assumed only one segment of scattering dust grains located along the LOS. Cygnus X-3 is an X-ray binary with more than 40% halo flux in 0.1-2.4 keV (ROSAT energy range) (Predehl & Schmitt, 1995) , located at l = 79.8
The bright X-ray halo has been used to determine the distance to the source as about 9 kpc (Predehl, et al, 2000) . The halo fraction f halo (1.5 ′′ < θ < 60 ′′ ) = 8.5% in 1.0-5.0 keV is much less than the total halo fraction of ROSAT which includes the large angle halo, indicating a substantial amount of scattering dust is located at the near side to the observer.
GX 13+1
GX 13+1, a LMXB, is a bright and highly absorbed X-ray source and located at l = 15.5 Smith, Edgar & Shafer (2002) observed the GX 13+1 with Chandra ACIS-I, and extracted the halo between 50 ′′ and 600 ′′ . They found the halo fraction is f halo (50 ′′ < θ < 600 ′′ ) ≈ 12% in 2.8 keV and the total halo intensity as a function of energy is I(E) = 1.5
keV and I(E, 50 ′′ < θ < 600 ′′ ) = (0.939 ± 0.028)E −2
keV . This corresponds to f halo (0 ′′ < θ < 50 ′′ ) = (7.02 ∼ 13.54)% at 2.8 keV. This is consistent with our result f halo (1.5 ′′ < θ < 60 ′′ ) = 11.4% at 2.82 keV.
Our fits show that the total hydrogen column density N H = 2.08 × 10 22 cm −2 from the halo model WD01 is significantly larger than the value 1.74 × 10 22 cm −2 derived from the WD01 model fit by Smith, Edgar & Shafer (2002) . It is possible that Smith, Edgar & Shafer (2002) underestimated the dust located at x > 0.90 which does not affect the observed I(θ h > 50 ′′ ), since these dust near the source contributes to the halo mainly in angles smaller than 50
′′ . This interpretation is also consistent with the hydrogen scattering column density N H = 1.64 ± 0.07 × 10 22 cm −2 derived from the WD01 fitting by integrating the hydrogen density in x = 0.0 − 0.90 from the results in Table 2 .
GX 301-2 and Vela X-1
The X-ray binary pulsar GX 301-2 is located at l = 300.1
The system consists of an accreting magnetized neutron star in a highly eccentric orbit, embedded in the stellar wind from a B2 supergiant companion star. When the orbital phase is in the pre-periastron, the hydrogen column density can be as large as 1 × 10 24 cm −2 (Watanabe et al. 2003) .
The hydrogen column density from the halo model fit is much smaller than the one from the spectral fit. A likely interpretation is that there are strong and dense stellar winds around the X-ray source and they absorb and scatters the X-ray photons severely. Therefore the N H from the spectral fits reflects the total absorption column density correctly. However the scattered photons in the halo caused by the stellar winds are very close to the point source as x is very close to 1, e.g., θ < 0.5 ′′ for r wind < 0.1 pc which corresponds to x > 0.9999, where r wind is the radius of the dense stellar winds. Consequently this part of halo is indistinguishable from the point source, resulting in underestimation of the scattering column density.
Vela X-1, similar to GX301-2, is an eclipsing high-mass X-ray binary consisting of an early type supergiant and a pulsar, having an orbital radius of about 1.7R * (∼ 53R ⊙ ) with a period of 8.964 days. The X-ray pulsar is accreting from the intense stellar winds emanating from the companion and the X-ray spectrum shows considerable photoelectric absorption at lower energies, varying with the orbital phase, as the neutron star is deeply embedded in the dense stellar wind (Haberl & White, 1990) . Kretschmar et al (1997) found the column density N H varies from (1 ± 1) × 10 22 cm −2 to (18 ± 4) × 10 22 cm −2 . Since the halo caused by the stellar winds has an angular size smaller than 0.5 ′′ , the scattering column density is also underestimated.
For several other sources, e.g., 4U 1705-44, Cir X-1 and Ser X-1, the halo intensity between 1.5 ′′ and 60 ′′ is also smaller than the total halo intensity obtained by Predehl & Schmitt (1995) , most likely due to the smaller angular size studied here.
Correlations between different N H column densities
In Figure 4 we show the correlation between N H,M RN and N H,W D01 which is well fitted by a linear relation, N H,M RN = (1.594 ± 0.023) × N H,W D01 + (−0.009 ± 0.025). This shows that the column density derived by fitting the X-ray halo using the MRN model is ∼ 59% larger than the fitting results using the WD01 model. This is close to the result (∼ 45%) of Smith, Edgar & Shafer (2002) . The systematic difference for the inferred N H in the two models is most likely due to more total dust mass in the WD01 model 1.89 × 10 −26 g/H, 23% more than the MRN model which uses 1.54 × 10 −26 g/H and more large-grains in WD01 model than in MRN model, which scatter photons preferentially in small angles.
In Figure 5 we show the correlations between the dust scattering column densities N H,W D01 and N H,M RN derived from the two models, and X-ray absorbing column density N H,abs derived from X-ray spectral fitting. It is obvious from Figure 5 that both correlations are extremely tight, which can be described by two linear relations N H,W D01 = (0.720 ± 0.009) × N H,abs + (0.051 ± 0.013) and N N,M RN = (1.156 ± 0.016) × N H,abs + (0.062 ± 0.024), in units of 10 22 cm −2 . The outliers, i.e. GX 301-2 and Vela X-1 as discussed earlier, are not included in the fitting.
FHI and N H
The fractional halo intensity (FHI) I f rac can be shown as (Mathis & Lee 1991) :
where the optical depth in scattering τ sca equals to τ sca (E = 1keV ) × (E mean /1keV ) 2 within Gaussian approximation. The value for the mean energy E mean has been obtained by weighting each X-ray photon energy according to the energy dependence of the scattering cross section, i.e. approximately E −2 . The fractional halo intensity for all sources and the mean energy E mean are shown in Table 5 .
Since τ sca (E = 1keV ) ∼ N H × (E/1keV ) −2 , equation 5 can be rewritten to
where k is approximately a constant. Using the result of Predehl & Schmitt (1995) to estimate the value of k, we can get k ≈ 0.5.
In our analysis we calculated only the halos between 1.5 ′′ and 60 ′′ . The fractional halo intensity I f rac (1.5 ′′ < θ < 60 ′′ ) will be less than I f rac (total). For each source, I f rac (1.5 ′′ < θ < 60 ′′ ) = m × I f rac (total), m depends on the mean energy, the dust spatial distribution and the total hydrogen column density of each source, i.e., m varies across the sources. However in Figure 6 , a good correlation is quite obvious, indicating that m does not change significantly for the sources we have analyzed, excluding the two outliers GX 301-2 and Vela X-1. The solid curve in Figure 6 , which best describes the correlation, is a plot of equation 6 with m = 0.53.
Correlation between N H and the galactic latitude
If the scale height of dust grains in the disk of Galaxy is d and the X-ray point source is outside the dust grain layer, the effective distance which X-ray photons travel through Figure 7 shows the correlations with the typical scale height d = 100 pc for both MRN and WD01 models, where N H is only for x = 0.0 − 0.99, i.e., N H in x = 0.99 − 1.0 is not included since we believe these scattering media are localized around the sources and should not be correlated with the distance from the observer. The sources whose galactic latitudes are less than 0.3 d are also not included, because 0.1/sin(0.3 0 ) > 16 kpc, i.e., these sources are within the dust layer and the real distance is less than the effective distance of d/sin(|b II |). We notice that the source GX 3+1 is significantly below the lines. One possibility is that this source is actually located within the galactic dust layer and thus its true distance is much less than the effective distance. On the other hand if the correlations are used as distance indicators for sources in the dust layer, the fitted N H value would indicate a distance of 4.8 or 5.3 kpc (as indicated in the figure), which is in remarkable agreement to 4.5 kpc obtained by Kuulkers & Klis (2000) based on the Eddington luminosity X-ray bursting property of GX 3+1. As a sanity check, we also examined the correlations with either the column density in x = 0.99 − 1.0 or the total column density in x = 0.0 − 1.0. The former correlation is extremely weak, consistent with the interpretation the column density in x = 0.99 − 1.0 is localized to each source. The latter correlation, though statistically significant (largely because the column density in x = 0.99 − 1.0 is much smaller than in x = 0.0 − 0.99 for most sources), is still much poorer than that shown in Figure 7. 3.5. Evidence of molecular clouds around these X-ray binaries?
In section 2, we have suggested that there should be substantial dust grains near the sources and these high density dust may be the molecular clouds in which the binary systems were formed initially. Using the same method for fitting the halo profile of LMC X-1, it is possible to determine the sizes of these molecular clouds. We use this method to fit the halo profile of Cygnus X-1 as a test and the best fit parameters are: N H = 0.147 × 10 22 cm −2 in 0.994-1.0 for WD01 model and N H = 0.153 × 10 22 cm −2 in 0.992-1.0 for MRN model. Assuming the distance to Cygnus X-1 as 2.5 kpc and Cygnus X-1 is in the center of the assumed molecular cloud, we can calculate the radius of the cloud, r W D01 = 16 pc, the density, ρ W D01 ∼ 30 cm We therefore suggest that the high angular resolution X-ray halos observed with Chan-dra provide evidence for the existence of molecular clouds surrounding these X-ray binaries. Unfortunately for most of these sources the data quality, i.e., the limited accuracy in determining the halos at angles around 1 ′′ , does not allow us to carry out detailed studies on the exact sizes of these molecular clouds. Future sub-arcsecond, or even much finer angular resolution X-ray telescopes (e.g., built with X-ray interferometry technique, Cash et al. 2000) , will allow not only the determination of the spatial distribution of these molecular clouds, but also investigations of the supernova remnants of these neutron stars and possibly also black holes, and even the stellar winds of their companions.
Conclusions
With excellent angular resolution, good energy resolution and broad energy band, the Chandra ACIS is so far the best instrument for studying the X-ray halos. Although the direct images of bright sources obtained with ACIS usually suffer from severe pileup which prevents us from obtaining the halos in small angles, we can use our method to resolve the point source halo from the Chandra CC-mode data or grating data and get the halos in very small angles.
In this paper, we analyzed 17 bright X-rays point sources using our method. The halos between 1.5 ′′ and 60 ′′ have been obtained. Then we use the halo model WD01 and MRN to fit the halo radial profiles and derive the hydrogen scattering column densities and the spatial distributions of dust grains for these sources. Both the WD01 and MRN model fittings indicate that there are substantial dust grains close to the sources. We suggest this as evidence for the existence of molecular clouds surrounding these X-ray binaries.
The scattering hydrogen column densities derived from the interstellar grain model WD01 and MRN both have the linear correlations with the absorbing column densities derived from the spectral model fits (power law model, thermal bremsstrahlung or black body), N H,W D01 = (0.720 ± 0.009) × N H,abs + (0.051 ± 0.013) and N N,M RN = (1.156 ± 0.016) × N H,abs + (0.062 ± 0.024), in units of 10 22 cm −2 . Both interstellar grain models can describe the observed halo profiles adequately, and it is difficult to determine which halo model is preferred from our analysis.
At present we cannot obtain dust grain spatial distributions between x = 0.0 − 0.6 for these sources in our Galaxy because the lack of halo intensity distribution covering a wide range of scattering angles. However the additional data to be collected with Chandra in the future for these sources studied here and especially more sources throughout the galaxy may allow us to probe the spatial distribution of interstellar dust media in many parts of the 
